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ABSTRACT 

A s i n g l e - s t a g e  i n v e s t i g a t i o n  of a s l o t t e d  r o t o r  was conducted as p a r t  

o f  a n  o v e r a l l  program t o  e v a l u a t e  t h e  e f f e c t  o f  s l o t s  on t h e  performance 

o f  h i g h l y  loaded  compressor  r o t o r  and  s t a t o r  b l a d e  rows. The t e s t  r o t o r  

b l a d e s  were 6 5 - s e r i e s  a i r f o i l s  having  a c a l c u l a t e d  u n s l o t t e d  D - f a c t o r  

l o a d i n g  o f  0 .51  and a n  i n l e t  r e l a t i v e  Mach number o f  0 .833 a t  a r a d i a l  

s t a t i o n  10% o f  t h e  span  from t h e  b l a d e  t i p .  Fo r  d e s i g n  e q u i v a l e n t  r o t o r  

speed ,  t h e  s l o t t e d  r o t o r  ach ieved  a maximum a d i a b a t i c  e f f i c i e n c y  o f  

88.5% and a co r re spond ing  p r e s s u r e  r a t i o  o f  1 . 2 9 .  
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SECTION I 
SUMMARY 

A s i n g l e - s t a g e  i n v e s t i g a t i o n  o f  a s l o t t e d  r o t o r  w a s  conducted a s  p a r t  

o f  a n  o v e r a l l  program t o  e v a l u a t e  t h e  e f f e c t  o f  s l o t s  on t h e  performance 

of  h i g h l y  loaded  compressor  r o t o r  and  s t a t o r  b l a d e  rows. The t es t  r o t o r  

b l a d e s  were 6 5 - s e r i e s  a i r f o i l s  and had a c a l c u l a t e d  u n s l o t t e d  b l a d e  

D - f a c t o r  l o a d i n g  o f  0 .512 and a n  i n l e t  re la t ive  Mach number o f  0.833 a t  

a r a d i a l  s t a t i o n  10% o f  t h e  span from t h e  b l a d e  t i p .  The r o t o r  b l a d e s  

were s l o t t e d  a t  approx ima te ly  50% chord ;  t h e  s l o t s  ex tended  from 5% t o  

45% span  from t h e  t i p  and from 50 t o  9VL span i n  each b l a d e .  The s i n g l e -  

s t a g e  r i g  had a h u b / t i p  r a t i o  of 0.8, and t h e  r o t o r  t i p  d i ame te r  w a s  about  

40 i n .  The r o t o r  b l a d e s  had a c o n s t a n t  chord  l e n g t h  of 2 .21  i n . ,  a n  

a s p e c t  r a t i o  of  1 . 7 1  and s o l i d i t y  of  1.15 a t  t h e  mean r a d i u s .  Design 

r o t o r  t i p  v e l o c i t y  w a s  935 f p s .  

F o r  d e s i g n  e q u i v a l e n t  r o t o r  speed t h e  s l o t t e d  r o t o r  ach ieved  a 

maximum a d i a b a t i c  e f f i c i e n c y  o f  88.5% and a co r re spond ing  p r e s s u r e  r a t i o  

of  1 .29 .  The measured D - f a c t o r  v a l u e s  co r re spond ing  t o  maximum e f f i c i e n c y  

f low c o n d i t i o n s  w e r e  approximate ly  0.48 a t  t h e  r o o t  and t i p  and 0 .40  a t  

midspan. Measured d e v i a t i o n  a n g l e s  were e s s e n t i a l l y  t h e  same as  t h e  p re -  

d i c t e d  u n s l o t t e d  b l a d e  d e v i a t i o n  a n g l e s  i n  t h e  midspan and t i p  r e g i o n s ,  

a n d  approx ima te ly  6 d e g r e e s  g r e a t e r  t han  t h e  p r e d i c t e d  d e v i a t i o n  a n g l e  a t  

t h e  hub. Measured l o s s  c o e f f i c i e n t  w a s  comparable  t o  t h e  p r e d i c t e d  uii- 

s l o t t e d  b l a d e  l o s s  c o e f f i c i e n t  a t  30, 5 0 ,  and 70% span  l o c a t i o n s ,  and w a s  

g r e a t e r  t h a n  t h e  p r e d i c t e d  l o s s  a t  10  and 90% span .  

Comparison o f  t h e  s l o t t e d  r o t o r  l o s s  and D - f a c t o r  l o a d i n g  c h a r a c t e r -  

i s t i c s  f o r  h i g h  i n c i d e n c e  c o n d i t i o n s  w i t h  c o r r e l a t e d  NASA r o t a t i n g  c a s -  

cade  minimum l o s s  i n c i d e n c e  d a t a  i n d i c a t e s  t h a t  t h e  s l o t  c o n f i g u r a t i o n  f o r  

t h i s  i n v e s t i g a t i o n  w a s  e f f e c t i v e  i n  t h e  achievement  o f  l o s s  l e v e l s  equa l  

t o  o r  l ess  t h a n  t h o s e  i n d i c a t e d  by t h e  NASA d e s i g n  cu rves  f o r  D - f a c t o r  

l o a d i n g  from 0 .50  t o  0.70. 

I- 1 
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SECTION I1 
INTRODUCTION 

P r a t t  & Whitney A i r c r a f t  i s  engaged i n  a program under  NASA Con- 

t rac t  NAS3-7603 t o  i n v e s t i g a t e  t h e  a p p l i c a t i o n  of  s l o t s  t o  r o t o r s  and 

s t a t o r s .  A s y s t e m a t i c  i n v e s t i g a t i o n  i s  be ing  cocducted t o  e s t a b l i s h  

t h e  f e a s i b i l i t y  and e x t e n t  t o  which s l o t t e d  b l a d e  concep t s  can b e  used 

t o  i n c r e a s e  a l l o w a b l e  b l a d e  l o a d i n g s  and t h e  s t a b l e  o p e r a t i n g  range  of  

compressor  s t a g e s .  To accompl ish  t h i s  o b j e c t i v e ,  t h r e e  s t a t o r  b l a d e  

rows and  t h r e e  r o t o r  b l a d e  rows have been b u i l t  f o r  t e s t .  Tests  w i t h  

s t a t o r s  u se  a r e p r e s e n t a t i v e  s t a t e - o f -  t h e - a r t  r o t o r  t o  g e n e r a t e  t h e  

s t a t o r  i n l e t  f low.  

An aerodynamic a n a l y s i s  and des ign  of  t h e  t e s t  b l a d i n g  and a s s o c i a t e d  

hardware  were accomplished under  t h e  d e s i g n  phase  o f  t h e  program (Ref- 

e r e n c e  1).+: A l l  r o t o r s  and s t a t o r s  w e r e  des igned  w i t h  t h e  same r o t o r  

e x i t  and s t a t o r  i n l e t  a b s o l u t e  v e l o c i t i e s  and a i r  a n g l e  d i s t r i b u t i o n s  

t o  p e r m i t  t e s t i n g  o f  any  combinat ion o f  r o t o r  and s t a t o r .  I t  w a s  assumed, 

f o r  d e s i g n  pu rposes ,  t h a t  t h e  flow d e v i a t i o n  a n g l e s  f o r  s l o t t e d  r o t o r s  

and s t a t o r s  would b e  approx ima te ly  one -ha l f  t h e  v a l u e s  normal ly  used f o r  

u n s l o t t e d  b l a d e s .  A s  p a r t  o f  t h e  d e s i g n  e f f o r t ,  a ser ies  of  a n n u l a r  

c a s c a d e  t es t s  w i t h  s l o t t e d  s t a t o r s  was conducted t o  e s t a b l i s h  p r e l i m i n a r y  

c r i t e r i a  f o r  t h e  d e s i g n  of s l o t t e d  r o t o r s  and s t a t o r s  f o r  t h e  r o t a t i n g  

s t a g e  t e s t  program (Reference  2 ) .  Data and performance r e s u l t s  o b t a i n e d  

w i t h  t h e  f i r s t  s l o t t e d  r o t o r  c o n f i g u r a t i o n  of  t h e  ser ies  a re  p resen ted  

i n  Refe rence  3 .  

T h i s  r e p o r t  p r e s e n t s  t h e  d a t a  and performance r e s u l t s  o b t a i n e d  w i t h  

t h e  second s l o t t e d  r o t o r  c o n f i g u r a t i o n  (Rotor  2)  which h a s  a h i g h e r  l o a d i n g  

level  than  Rotor  1. Rotor  2 b l ad ing  w a s  des igned  w i t h  6 5 - s e r i e s  a i r f o i l  

s e c t i o n s  and had c a l c u l a t e d  des ign  t i p  v a l u e s  of  D-fac tor  l o a d i n g  and 

i n l e t  r e l a t i v e  Mach number (wi thout  s l o t s )  of 0.512 and 0.833, r e s p e c t i v e l y .  

The r o t o r  b l ades  were s l o t t e d  a t  approx ima te ly  5077 chord ;  t h e  s l o t s  ex- 

tended  from 5 t o  45% s p a n ,  and from 50  t o  907’7 span  (from t h e  t i p )  i n  each  

b l a d e .  A s e t  of i n l e t  g u i d e  vanes w a s  used  t o  e s t a b l i s h  t h e  w h i r l  

+:References a re  g iven  i n  Appendix C .  
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d i s t r i b u t i o n  i n t o  t h e  t es t  r o t o r .  One o f  t h e  t e s t  s t a t o r  c o n f i g u r a t i o n s ,  

p r i o r  t o  s l o t t i n g ,  was employed t o  remove some of t h e  e x i t  s w i r l .  A se t  

of  e x i t  g u i d e  vanes was used  t o  remove t h e  remain ing  e x i t  swirl .  

O v e r a l l  performance and b l ade  e lement  d a t a  were o b t a i n e d  a t  5 0 ,  7 0 ,  

and 100% of  t h e  d e s i g n  e q u i v a l e n t  r o t o r  speed .  Blade e lement  d a t a  were 

o b t a i n e d  a t  f i v e  r a d i a l  l o c a t i o n s  behind each  o f  t h e  t h r e e  b l a d e  rows,  

and r o t a t i n g  s t a l l  measurements were o b t a i n e d  a t  each  o f  t h e  t h r e e  r o t o r  

speed c o n d i t i o n s .  R o t o r  wake surveys  a t  f i v e  spanwise  l o c a t i o n s  , u s i n g  

a h o t - f i l m  anemometer,  were ob ta ined  a t  choke,  n e a r - s t a l l ,  and a p p r o x i -  

ma te ly  maximum e f f i c i e n c y  f low c o n d i t i o n s  a t  each  r o t o r  speed .  

Details  of  t h e  t e s t  equipment,  p r o c e d u r e s ,  and t e s t  r e s u l t s  f o r  t h e  

s l o t t e d  Ro to r  2 t es t  c o n f i g u r a t i o n  a r e  p r e s e n t e d  i n  t h i s  r e p o r t .  Some 

d e s i g n  d e t a i l s  are a l s o  i n c l u d e d  h e r e i n  f o r  convenience .  Re fe rence  1 

g i v e s  f u r t h e r  aerodynamic and mechanical  d e s i g n  i n f o r m a t i o n .  
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SECTION I11 
TEST EQUIPMENT 

A .  FACILITY 

The compressor  t e s t  f a c i l i t y  i s  shown s c h e m a t i c a l l y  i n  f i g u r e  III-lf:. 

The compressor  r o t o r  i s  powered by a s i n g l e - s t a g e  d r i v e  t u r b i n e  u s i n g  

e x h a u s t  g a s e s  from a 575 s l a v e  engine .  The d r i v e  t u r b i n e  speed i s  regu-  

l a t e d  by a h y d r a u l i c a l l y  ac tua ted  i n l e t  f low c o n t r o l  v a l v e .  The s l a v e  

e n g i n e  e x h a u s t  i s  a l s o  used t o  d r i v e  a two-s tage  e x h a u s t - e j e c t o r  sys tem.  

A i r  e n t e r e d  t h e  compressor  t e s t  r i g  through a 1 0 3 - f t  combined i n l e t  

d u c t ,  plenum, and be l lmou th  i n l e t ,  and exhaus ted  through a n  ex i t  d i f f u s e r  

t o  t h e  a tmosphere .  A 7-degree  d i f f u s e r  i n  f r o n t  o f  t h e  i n l e t  plenum 

ensu red  uni form f low c o n d i t i o n s  a c r o s s  t h e  plenum, and a n  area c o n t r a c t i o n  

r a t i o  from plenum t o  compressor  i n l e t  o f  approx ima te ly  1 O : l  p rovided  

e s s e n t i a l l y  s t a g n a t i o n  c o n d i t i o n s  i n  t h e  plenum. The i n l e t  d u c t  and 

plenum were mounted on a t r a c k  and could  be r o l l e d  away from t h e  com- 

p r e s s o r  r i g  i n l e t  t o  f a c i l i t a t e  c o n f i g u r a t i o n  changes .  The plenum w a s  

s e a l e d  t o  t h e  compressor  r i g  i n l e t  s e c t i o n  w i t h  a n  i n f l a t a b l e  rubbe r  

tube  s ea l .  

B. COMPRESSOR TEST RIG 

The compressor  r i g ,  shown i n  f i g u r e  111-2, compr ises  be l lmouth  i n l e t ,  

tes t  s e c t i o n ,  and exhaus t  s e c t i o n .  The t e s t  s e c t i o n  has a h u b j t i p  r a t i o  

o f  0 .8  and a r o t o r  t i p  d i a m e t e r  of approx ima te ly  40 i n .  The r o t o r  assembly  

and s h a f t  are  suppor t ed  on two b e a r i n g s  t h a t  t r a n s m i t  l o a d s  t o  t h e  o u t e r  

c a s e  through s t r u t s  l o c a t e d  i n  t h e  i n l e t  and exhaus t  c a s e  a s s e m b l i e s .  

The tes t  s e c t i o n  h a s  a s p l i t  o u t e r  case t h a t  p e r m i t s  gu ide  vane ,  r o t o r ,  

and s t a t o r  assembly changes  wi thou t  removing t h e  r i g  from t h e  t es t  s t a n d .  

A s e t  o f  motor -dr iven  t h r o t t l e  vanes i s  l o c a t e d  i n  the  e x h a u s t  c a s e  t o  

v a r y  f low r a t e .  

A s e c t i o n  view of t h e  f low path i s  shown i n  f i g u r e  111-3. Flow 

i s  a c c e l e r a t e d  through t h e  i n l e t  s t r u t  s t a t i o n  and gu ide  vanes  i n  a 

convergent  pas sage  t o  t h e  r o t o r  i n l e t .  T h e r e a f t e r ,  t h e  i n n e r  w a l l  

d i a m e t e r  remains  c o n s t a n t  a t  32.85 i n ,  w h i l e  t h e  o u t e r  w a l l  converges  

f u r t h e r  th rough t h e  r o t o r  b l a d e  and s t a t o r  vane rows t o  a d i a m e t e r  of  

; \ A l l  i l l u s t r a t i o n s  w i l l  be  found i n  S e c t i o n  V I I .  
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40 i n .  I n  g e n e r a l ,  t h e  f low pa th  i s  des igned  t o  s i m u l a t e  t h e  middle-  

s t a g e  envi ronment  o f  a s t a t e - o f - t h e - a r t  m u l t i s t a g e  compressor .  

P r o v i s i o n s  were made f o r  end w a l l  b l e e d  a t  t h e  r o t o r  t i p  and s t a t o r  

r o o t  and t i p ,  as  shown i n  f i g u r e  111-4. 

f o r a t e d  p l a t e  s h r o u d s ,  shroud man i fo lds  , and 24 a p p r o x i m a t e l y  e q u a l l y  

spaced  t u b e s  t o  i n d i v i d u a l  main c o l l e c t o r  m a n i f o l d s  f o r  t h e  r o t o r  and 

s t a t o r .  The c o l l e c t o r  man i fo lds  e x h a u s t e d  th rough  t h e  f a c i l i t i e s  e j e c t o r  

sys t em.  Ro to r  and s t a t o r  b l e e d  f low rates were c o n t r o l l e d  and measured 

s e p a r a t e l y  . 

Bleed a i r  flowed th rough  p e r -  

C .  STAGE BLADING DESIGN 

To e x p e d i t e  t h i s  r e s e a r c h  program, t h e  aerodynamic and mechanica l  

d e s i g n  o f  t h e  b l a d i n g  was completed and f a b r i c a t i o n  i n i t i a t e d  p r i o r  t o  

t h e  comple t ion  o f  t h e  a n n u l a r  ca scade  program. F i n a l  s l o t  c o n f i g u r a t i o n s  

were based  on t h e  r e s u l t s  of t h e  c a s c a d e  tes ts .  

1.  I n l e t  Guide Vane 

The i n l e t  g u i d e  vanes  w e r e  des igned  t o  p r o v i d e  a r o t o r  p r e w h i r l  

d i s t r i b u t i o n  o f  1 6 . 6  d e g  a t  t h e  r o o t  (90% span)  t o  1 8 . 2  deg  a t  t h e  t i p  

(10% s p a n ) .  NACA s e r i e s - 4 0 0  b l ade  s e c t i o n s  w e r e  chosen  f o r  t h i s  purpose .  

De ta i l s  of  t h e  gu ide  vane d e s i g n  a re  p r e s e n t e d  i n  t a b l e  111-1. 

2 .  Ro to r  2 

a .  Blade  Design 

S l o t t e d  Ro to r  2 b l a d i n g  w a s  d e s i g n e d  w i t h  a camber d i s t r i b u t i o n  o f  

36 .0  deg  a t  t h e  r o o t  (90% span)  t o  18.1 deg  a t  t h e  t i p  (10% s p a n ) .  NACA 

s e r i e s - 6 5  b l a d e  s e c t i o n s  were s e l e c t e d  f o r  t h e  r o t o r  b l a d e s  because  t h i s  

series o f  a i r f o i l  h a s  a d e q u a t e  t h i c k n e s s  f o r  s l o t s ,  s u i t a b l e  l o a d i n g  

d i s t r i b u t i o n ,  and i s  c a p a b l e  o f  o p e r a t i n g  i n  t h e  r e q u i r e d  Mach number 

r a n g e  ( M t i p  = 0 .8 ) .  

would r e d u c e  t h e  f low d e v i a t i o n  a n g l e  a p p r o x i m a t e l y  one -ha l f  t h e  normal 

v a l u e s .  S l o t t e d  r o t o r  b l a d e  t r a i l i n g  edge  metal a n g l e s  were e s t a b l i s h e d  

i n  acco rdance  w i t h  t h i s  assumpt ion .  Des ign  D - f a c t o r  l o a d i n g  a t  t h e  

r o t o r  t i p  w a s  0 .590 f o r  t h e  s l o t t e d  b l a d i n g  and 0.512 f o r  t h e  same 

b l a d i n g  w i t h o u t  s l o t s  ( i .e .  , wi th  f u l l  d e v i a t i o n ) .  

It w a s  assumed, f o r  d e s i g n  p u r p o s e s ,  t h a t  s l o t s  
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I '. S o l i d i t y ,  t h i c k n e s s  r a t i o s ,  and a s p e c t  r a t i o s  f o r  t h e  s e l e c t e d  se r ies  

a i r f o i l s  w e r e  r e p r e s e n t a t i v e  o f  t h e  middle  s t a g e  o f  a s t a t e - o f - t h e - a r t  

compressor .  Detai ls  o f  t h e  r o t o r  d e s i g n  a r e  p r e s e n t e d  i n  t a b l e  111-1. 

b.  S l o t  Design 

Ro to r  2 s l o t  geometry and l c c a t i o r ,  were based on t h e  r e s u l t s  of p re -  

l i m i n a r y  a n n u l a r  ca scade  tes ts  of s l o t t e d  s t a t o r  vanes and a n  a n a l y s i s  

of  R o t o r  2 s u c t i o n  s u r f a c e  boundary l a y e r  s e p a r a t i o n  (References  1 and 2 ) .  

The s e l e c t e d  s l o t  geometry was s imi l a r  t o  a p r e f e r r e d  s l o t  geometry 

de t e rmined  i n  t h e  a n n u l a r  ca scade  program. Blade  t h i c k n e s s  a t  t h e  i n t e r -  

s e c t i o n  o f  s l o t  c e n t e r l i n e  and b l ade  meanl ine  w a s  s e l e c t e d  as a n  approximate  

s c a l i n g  pa rame te r  t o  scale t h e  s l o t  s i z e  from t h e  o v e r s i z e  (6 .5 - in .  chord)  

a n n u l a r  ca scade  vanes t o  t h e  2 .21  i n .  chord Ro to r  2 b l a d i n g .  The a n g l e  

between s l o t  c e n t e r l i n e  and b l a d e  meanl ine  w a s  h e l d  c o n s t a n t  ove r  t h e  

Rotor  2 b l a d e  span ;  t h a t  i s ,  the s l o t  fo l lowed t h e  t w i s t  o f  t h e  b l a d e .  

The s l o t  spanwise p o s i t i o n  and geometry v a r i a b l e s  w i t h  co r re spond ing  

d imens ivns  a t  r o o t ,  mean, and t i p  s ec t ivns  a re  p r e s e n t e d  in Ligure  I I I -5 .  

The s l o t  c e n t e r l i n e  i n t e r s e c t e d  t h e  b l a d e  s u c t i o n  s u r f a c e  a t  5P/! chord ,  

approx ima te ly  ha l fway between t h e  minimum p r e s s u r e  p o i n t  and t h e  c a l c u l a t e d  

s e p a r a t i o n  p o i n t .  This  s l o t  l o c a t i o n  was de termined  under  t h e  a n n u l a r  c a s -  

cade  t es t s  t o  be  s u p e r i o r  t o  a n  a l t e r n a t i v e  l o c a t i o n  n e a r  t h e  s e p a r a t i o n  p o i n t .  

The r e s u l t i n g  s l o t t e d  b l a d e  c o n f i g u r a t i o n  i s  shown i n  f i g u r e  I I I - 6 .  

3 .  S t a t o r  

Three  s t a t o r s  h a v i n g  u n s l o t t e d  r o o t  D - f a c t o r  l o a d i n g  l e v e l s  o f  0 .52 , 
0 .60 ,  and 0.70 were des igned  f o r  e v a l u a t i o n  o f  s l o t t e d  s t a t o r s  under  t h e  

c o n t r a c t  program (Reference  1) . The s t a t o r s  a re  6 5 - s e r i e s  a i r f o i l  s e c t i o n s .  

The s t a t o r  hav ing  t h e  l o w e s t  o f  t h e  t h r e e  l o a d i n g  l e v e l s  ( S t a t o r  1, 

D = 0.52)  w a s  s e l e c t e d  f o r  u se  behind t h e  s l o t t e d  r o t o r s .  Even though 

t h i s  s t a t o r  w a s  u n s l o t t e d  f o r  t h e s e  tests,  i t  w a s  cons ide red  t o  have  a n  

i n c i d e n c e  range  t h a t  would n o t  l i m i t  s l o t t e d  r o t o r  e v a l u a t i o n .  The 

s e l e c t e d  s t a t o r  had a c o n s t a n t  e q u i v a l e n t  c i r c u l a r  a r c  camber o f  30 deg  

and w a s  u n t w i s t e d .  Because t h e  a n n u l a r  cascade  t e s t  r e s u l t s  (Reference  2) 

i n d i c a t e d  t h a t  s l o t s  d i d  n o t  produce t h e  assumed d e c r e a s e  i n  d e v i a t i o n  

a n g l e ,  t h e  s t a t o r  w a s  i n s t a l l e d  behind s l o t t e d  Ro to r  2 w i t h  a b l a d e  chord 
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a n g l e  o f  32 d e g  i n s t e a d  o f  t h e  o r i g i n a l  d e s i g n  b l a d e  chord a n g l e  o f  

37 .2  d e g .  T h i s  s t a g g e r  a n g l e  w a s  so s e l e c t e d  t o  e n s u r e  t h a t  s t a t o r  

minimum l o s s  i n c i d e n c e  would occur  w i t h i n  t h e  expec ted  r ange  o f  r o t o r  

e x i t  a n g l e .  A d d i t i o n a l  d e t a i l s  of t h e  s t a t o r  d e s i g n  a re  p r e s e n t e d  i n  

t a b l e  111-1. 

D . INSTRUMENTATION 

I n s t r u m e n t a t i o n  w a s  p rov ided  f o r  o v e r a l l  and b l a d e  e lement  per formance  

measurements  f o r  each  b l a d e  row. Axial l o c a t i o n s  o f  i n s t r u m e n t a t i o n  

s t a t i o n s  are  i n d i c a t e d  i n  f i g u r e  111-3, and schemat i c s  showing t h e  d e t a i l e d  

i n s t r u m e n t a t i o n  a t  each  ax ia l  l o c a t i o n  a re  p r e s e n t e d  i n  f i g u r e s  111-7 through 

111-10. 

1. Rig  I n l e t  C o n d i t i o n s  

Weight f low w a s  measured w i t h  a n  ASME s t a n d a r d  t h i n  p l a t e  o r i f i c e  

l o c a t e d  i n  t h e  i n l e t  d u c t .  

S i x  s t a t i c  p r e s s u r e  t a p s  and s ix  t empera tu re  p robes  were l o c a t e d  i n  

t h e  plenum chamber f o r  measurement o f  i n l e t  t o t a l  p r e s s u r e  and t e m -  

p e r a t u r e .  

S i x  e q u a l l y  spaced  s t a t i c  p r e s s u r e  t a p s  were l o c a t e d  on  b o t h  t h e  

i n n e r  and o u t e r  w a l l s  ups t r eam o f  t h e  i n l e t  g u i d e  vanes  ( S t a t i o n  0 ) .  

From a r i g  c a l i b r a t i o n  o v e r  a wide r a n g e  o f  we igh t  f l o w s ,  a c a l i b r a t i o n  

between these s t a t i c  p r e s s u r e s  was d e r i v e d  and used  t o  check  subsequent  

w e i g h t  f low measurements .  

2 .  Guide Vane E x i t / R o t o r  I n l e t  - S t a t i o n  1 

A s e c t i o n a l  view o f  t h e  f low p a t h  a t  S t a t i o n  1 showing t h e  circum- 

f e r e n t i a l  and r a d i a l  l o c a t i o n  o f  i n s t r u m e n t a t i o n  i s  p r e s e n t e d  i n  f i g -  

u r e  1 1 1 - 7 .  

c i r c u m f e r e n t i a l  l o c a t i o n s  w i t h  20-deg wedge traverse p r o b e s ,  A 20- tube  

wake traverse p r o b e ,  approx ima te ly  a l i g n e d  w i t h  t h e  a v e r a g e  gu ide  vane 

e x i t  a i r  a n g l e ,  w a s  i n s t a l l e d  t o  measure g u i d e  vane  wake t o t a l  p r e s s u r e  

d i s t r i b u t i o n .  F o u r  s t a t i c  p r e s s u r e  t a p s  were l o c a t e d  on  both  t h e  i n n e r  

and o u t e r  w a l l .  An 8-deg wedge traverse p robe  was used  f o r  measurement 

o f  r a d i a l  s t a t i c  p r e s s u r e  d i s t r i b u t i o n .  The wedge p robes  and s t a t i c  

Ro to r  i n l e t  a i r  a n g l e  measurements were o b t a i n e d  a t  two 
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p r e s s u r e  t a p s  were l o c a t e d  approx ima te ly  a l o n g  e x t e n s i o n s  o f  gu ide  vane 

midchannel  l i n e s .  The g u i d e  vane t r a i l i n g  edge was o r i e n t e d  t o  keep t h e  

i n s t r u m e n t a t i o n  l o c a t i o n s  used  fo r  Rotor  1 t e s t i n g  a l o n g  midchannel  stream- 

l i n e s .  Redundant s t a t i c  and mid-passage t o t a l  p r e s s u r e  d a t a  were a v a i l a b l e  

from t h e  20-deg wedge probe .  

3 .  Ro to r  E x i t I S t a t o r  I n l e t  - S t a t i o n  2 

A s e c t i o n a l  view o f  t h e  f low p a t h  showing t h e  c i r c u m f e r e n t i a l  and 

r a d i a l  l o c a t i o n  of  i n s t r u m e n t a t i o n  a t  S t a t i o n  2 i s  p r e s e n t e d  i n  f i g -  

u r e  111-8. Two 20-deg wedge t r a v e r s e  probes  were used f o r  a i r  a n g l e ,  

t o t a l  p r e s s u r e ,  and t o t a l  t empera tu re  measurements.  Three  sets  o f  K i e l  

head  t o t a l  p r e s s u r e  probes  were  l o c a t e d  a t  r a d i a l  p o s i t i o n s  co r re spond ing  

t o  30 and 50%. Two se t s  o f  K i e l  p robes  were l o c a t e d  a t  10,  70 ,  and 90% 

span .  The p robes  w e r e  c i r c u m f e r e n t i a l l y  l o c a t e d  so t h a t  each  s e t  a p p r o x i -  

ma te ly  averaged  t h e  p r e s s u r e s  a c r o s s  a gu ide  vane wake. A se t  o f  K i e l  

head t empera tu re  p robes  were l o c a t e d  a t  1 0 ,  30,  50 ,  70, and 90% span  

p o s i t i o n s  t o  p r o v i d e  a check a g a i n s t  t h e  20-deg wedge probe  t empera tu re  

measurement.  Four s t a t i c  p r e s s u r e  t a p s  were l o c a t e d  on b o t h  t h e  i n n e r  

and o u t e r  w a l l .  An 8-deg wedge t r a v e r s e  probe was used f o r  r a d i a l  s t a t i c  

p r e s s u r e  measurement.  

4 .  S t a t o r  E x i t  - S t a t i o n  2A 

A s e c t i o n a l  view o f  t h e  f low p a t h  showing c i r c u m f e r e n t i a l  and r a d i a l  

i o c a t i o n  of  i n s t r u m e n t a t i o n  at S t a t i o n  2A i s  p r e s e n t e d  ii-i f i g u r e  I I I - 9 .  

S t a t o r  ex i t  a i r  a n g l e  was measured w i t h  a 20-deg wedge t r a v e r s e  p robe .  

A 20- tube  r ake  traverse probe was used  f o r  measurement of s t a t o r  vane wake 

t o t a l  p r e s s u r e  d i s t r i b u t i o n .  Four s t a t i c  p r e s s u r e  t a p s  were l o c a t e d  on b o t h  

t h e  i n n e r  and o u t e r  w a l l ,  and a n  8-deg wedge t r a v e r s e  probe w a s  p rovided  

f o r  r a d i a l  s t a t i c  p r e s s u r e  measurement. 

5 .  S t a t i o n  3 

S t a t i o n  3 i s  one chord- length  f a r t h e r  from the  s t a t o r  e x i t  p l a n e  

t h a n  S t a t i o n  2A. I n s t r u m e n t a t i o n  a t  t h i s  s t a t i o n  ( f i g u r e  111-10) i n c l u d e d  

two 20-deg wedge t r a v e r s e  p robes ,  one 8-deg wedge t r a v e r s e  p robe ,  f o u r  

se ts  o f  K i e l  head t o t a l  p r e s s u r e  p robes  a t  10 ,  30 ,  50,  70 ,  and 90% span 

l o c a t i o n ,  t h r e e  se t s  o f  K i e l  head t empera tu re  p robes  a t  t h e  same f i v e  span  

l o c a t i o n s ,  and f o u r  s t a t i c  pressure t a p s  on bo th  t h e  i n n e r  and o u t e r  w a l l .  
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S t a g e  e x i t  t o t a l  t empera tu re  w a s  based on t h e  K i e l  head probe t empera tu re  

measurements a t  S t a t i o n  3 .  Data o b t a i n e d  from t h e  o t h e r  i n s t r u m e n t a t i o n  

a t  t h i s  s t a t i o n  were g e n e r a l l y  used f o r  comparison w i t h  t h e  S t a t i o n  2A 

d a t a .  

6 .  D e s c r i p t i o n  of  Probes 

Detai ls  of  t h e  20-deg and 8-deg p r o b e s ,  wake p r o b e ,  and K i e l  p r e s s u r e  

and t empera tu re  p robes  are  shown i n  f i g u r e  111-11. The wedge probe con- 

t a i n e d  s i d e  p r e s s u r e  p i ckups  f o r  a i r  a n g l e  measurement,  a t o t a l  p r e s s u r e  

p ickup and a t o t a l  t empera tu re  pickup.  

The wake probe con ta ined  20 t o t a l  p r e s s u r e  p ickups  formed by 0.042 i n c h  

OD hypo t u b i n g  and spaced as  shown i n  t h e  f i g u r e .  

7 .  I n s t r u m e n t a t i o n  Readout 

T r a v e r s e  probe d a t a  ( t o t a l  p r e s s u r e  , s t a t i c  p r e s s u r e ,  a i r  a n g l e ,  t o t a l  

t e m p e r a t u r e ,  and r a d i a l  t r a v e l )  were reco rded  on magnet ic  t a p e  a t  t h e  ra te  

of  60 samples ( 2 . 5 - i n .  p robe  t rave l )  p e r  minute .  S t e a d y - s t a t e  p r e s s u r e  

measurements were o b t a i n e d  u s i n g  a s c a n n i v a l v e  mul t i channe l  p r e s s u r e  t r a n s -  

d u c e r  sys tem t h a t  i n c l u d e s  au tomat i c  d a t a  r e c o r d i n g  on  I B M  c a r d s .  K i e l  

probe t empera tu res  were i n d i c a t e d  on  a p r e c i s i o n  p o t e n t i o m e t e r  , and 

manual ly  r eco rded .  

Plenum p r e s s u r e s ,  t h r e e  OD s t a t i c  p r e s s u r e s  a t  S t a t i o n  0 ,  p r imary  and 

b leed s y s t e n  f low-measurFng-or i f ice  p r e s s u r e s  

K i e l  p robe  p r e s s u r e s  were recorded on manometer t u b e s  i n  t h e  tes t  s t a n d  

c o n t r o l  room t o  p e r m i t  s e t t i n g  t h e  d e s i r e d  f low c o n d i t i o n s .  

and t h r e e  S t a t i o n  3 midspan 

8 .  S p e c i a l  I n s t r u m e n t a t i o n  

a .  R o t a t i n g  S t a l l  I n s t r u m e n t a t i o n  

Three  Kist ler  (601A) p r e s s u r e  t r a n s d u c e r s  w e r e  i n s t a l l e d  a t  S t a t i o n  2 

f o r  r o t a t i n g  s t a l l  measurement ( f i g u r e  111-8 ) .  T ransduce r  o u t p u t  w a s  

r eco rded  on a CEC VR-2800 t a p e  r e c o r d e r .  

b. Ro to r  Wake I n s t r u m e n t a t i o n  

Rotor  wake su rveys  were ob ta ined  w i t h  DISA 55479 h o t - f i l m  anemometer 

p robe ,  l o c a t e d  as  shown i n  f i g u r e  111-8. 

r eco rded  on a VR-2800 t a p e  r e c o r d e r .  

f i g u r e  111-12.  

Anemometer o u t p u t  v o l t a g e  was 

The h o t - f i l m  probe  i s  shown i n  

111-7 
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Laye r  I n s t r u m e n t a t i o n  

boundary l a y e r  t o t a l  p r e s s u r e  p r o f i l e s  were 

measured t o  se t  b l e e d  f low rates u s i n g  a t h r e e - h o l e  c y l i n d r i c a l  yaw probe  

h a v i n g  a 314- in .  t i p  (dimension between s e n s i n g  p o r t s  and probe  t i p )  and 

a d i a m e t e r  o f  3!8 i n .  T o t a l  pressure and r a d i a l  t r ave l  were r eco rded  o n  

a n  x-y p l o t t e r .  

d .  Ro to r  Speed 

Ro to r  rpm w a s  measured w i t h  an  e l e c t r o m a g n e t i c  p i ckup  mounted a d j a c e n t  

t o  a 60- too th  g e a r  on t h e  r o t o r  s h a f t .  Gear t o o t h  p a s s i n g  f r equency  w a s  

d i s p l a y e d  as  rpm on a n  Anadex d i g i t a l  r e a d o u t  sys tem.  A c l o s e d  l o o p  con- 

t r o l  sys t em ma in ta ined  r o t o r  speed w i t h i n  a p p r o x i m a t e l y  k 1%. 

e.  S t r e s s  Measurements 

F i v e  r o t o r  b l a d e s  and  f i v e  s t a t o r  vanes  were ins t rumen ted  w i t h  s t r a i n  

gages  t o  mon i to r  and r e c o r d  t o r s i o n a l  and bending  stresses.  S t r a i n  gage 

l o c a t i o n s  on  a t y p i c a l  i n s t rumen ted  r o t o r  b l a d e  a re  shown i n  f i g u r e  111-13. 

f .  V i b r a t i o n  

Disp lacement  p i ckups  were mounted o n  forward and rear s e c t i o n s  o f  t h e  

compressor  r i g  o u t e r  case t o  moni tor  r i g  v i b r a t i o n .  

g. Bleed Flow Ra te  

End w a i i  bleed f iow from the r o t o r  and s t a t o r  b l a d e  rows w a s  measured 

by means o f  s t a n d a r d  ASME t h i n  p l a t e  o r i f i c e s  l o c a t e d  i n  t h e  r e s p e c t i v e  

b l e e d  man i fo ld  e x h a u s t  d u c t s .  
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SECTION I V  
PROCEDURES 

A .  TEST PROCEDURE 

1. End Wall Bleed Flow R a t e  S e l e c t i o n  

a .  Ro to r  Bleed 

With t h e  compressor  o p e r a t i n g  a t  d e s i g n  speed and f low c o n d i t i o n s ,  t h e  

t h r e e - h o l e  yaw probe  w a s  t r a v e r s e d  between 0 and 20% span  a t  S t a t i o n  2 

behind  t h e  r o t o r  f o r  each  o f  t h r e e  b l e e d  f low s e t t i n g s .  The t h r e e  s e t t i n g s  

cor responded t o  n e a r - z e r o ,  h a l f  of maximum, and maximum b leed  f low rates.  

The b l e e d  f low rate  s e l e c t e d  w a s  t h a t  which produced t h e  most s i g n i f i c a n t  

improvement i n  t o t a l  p r e s s u r e  p r o f i l e  a s  i n d i c a t e d  on t h e  x-y p l o t t e r .  

The v a l v e  s e t t i n g  f o r  t h i s  b l e e d  f l o w  ra te  w a s  n o t  changed a t  o t h e r  r o t o r  

speed  and f low c o n d i t i o n s .  

b. S t a t o r  Bleed 

With t h e  r o t o r  end w a l l  b leed  s e t  a t  t h e  s e l e c t e d  r a t e ,  t h e  procedure  

d e s c r i b e d  above w a s  r e p e a t e d  f o r  the  s t a t o r .  The 20- tube  wake probe  was 

p o s i t i o n e d  a t  10 and 90% span l o c a t i o n s ,  and t h e  e f f e c t  o f  boundary l a y e r  

b l e e d  on t h e  s t a t o r  wake p r e s s u r e s  w a s  monitored on manometers. The v a l v e  

s e t t i n g  co r re spond ing  t o  t h e  b leed  f low ra te  t h a t  produced t h e  most 

s i g n i f i c a n t  improvement a t  e i ther  span  l o c a t i o n  a t  d e s i g n  speed and f low 

c o n d i t i o n s  was s e l e c t e d  f o r  t h e  t e s t  program. 

2 .  Stress Survey  and  R o t a t i n g  S t a l l  Tests 

A stress su rvey  program was conducted t o  d e f i n e  t h e  stress and v i b r a -  

t i o n  c h a r a c t e r i s t i c s  o f  t h e  s l o t t e d  r o t o r  o v e r  t h e  o p e r a t i n g  range  and 

i n  t h e  s t a l l  r e g i o n s .  

t h e  choke l i n e ,  a l o n g  a n  assumed o p e r a t i n g  l i n e ,  and i n t o  t h e  s t a l l  r e g i o n  

a t  f i v e  r o t o r  speed c o n d i t i o n s .  

s u f f i c i e n t  number o f  speed and flow c o n d i t i o n s  t o  d e f i n e  t h e  o v e r a l l  o p e r a t i n g  

r ange  between choke and s t a l l  and between 50 and 110% d e s i g n  speed .  

Blade  s t r e s s e s  were monitored and recorded  a l o n g  

Fixed i n s t r u m e n t a t i o n  w a s  r eco rded  a t  a 

Kistler t r a n s d u c e r  d a t a  were recorded  d u r i n g  t h e  e x c u r s i o n s  i n t o  s t a l l  

a l o n g  each  speed  l i n e  t o  d e f i n e  r o t a t i n g  s t a l l  p a t t e r n s .  
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3 .  Overall and Blade  Element Performance Tests 

O v e r a l l  and b l a d e  e lement  performance d a t a  were o b t a i n e d  a t  t h r e e  r o t o r  

speed  c o n d i t i o n s  (50, 70 ,  and 100% o f  d e s i g n  speed)  and a s u f f i c i e n t  number 

of p o i n t s  pe r  speed l i n e  t o  d e f i n e  r o t o r  and s t a g e  performance between choke 

2nd s t a l l .  The n e a r - s t a l l  t e s t  p o i c t  was de termined  en  t h e  b a s i s  cf s t r a i n  

gage  o u t p u t  and s t a g e  e x i t  t o t a l  p r e s s u r e s  i n d i c a t e d  on manometers. A t  

each  speed and f low se t  p o i n t ,  the  f i x e d  p r e s s u r e  and t empera tu re  i n s t r u -  

m e n t a t i o n  d a t a  were r eco rded  f i v e  times, c o r r e s p o n d i n g  t o  f i v e  d i s c r e t e  

r a d i a l  l o c a t i o n s  o f  t h e  i n l e t  gu ide  vane and s t a t o r  vane wake p robes .  

T r a v e r s e  d a t a  w e r e  u s u a l l y  recorded d u r i n g  t h e  l as t  r e c o r d i n g  o f  f i x e d  

i n s t r u m e n t a t i o n .  I n  t h i s  manner,  r e p r e s e n t a t i v e  a v e r a g e  v a l u e s  of  f low 

and p r e s s u r e s  cou ld  be de te rmined  f o r  t h e  t i m e  p e r i o d  (approximate ly  45 min) 

of d a t a  r e c o r d i n g  a t  each  p o i n t .  

4 .  Rotor  Wake Surveys  

Rotor  wake s u r v e y s  were ob ta ined  f o l l o w i n g  t h e  r e c o r d i n g  of b l a d e  

e l emen t  and o v e r a l l  performance d a t a  a t  choke,  approx ima te ly  maximum 

e f f i c i e n c y ,  and n e a r - s t a l l  c o n d i t i o n s  on each  o f  t h e  t h r e e  speed l i n e s .  

H o t - f i l m  anemometer o u t p u t  was recorded  as  t h e  probe w a s  t r a v e r s e d  from 

t h e  i n n e r  t o  t h e  o u t e r  w a l l  behind t h e  r o t o r .  

B.  DATA REDUCTION PROCEDURES 

1. P r e l i m i n a r y  Data Reduc t i cn  

Data r e d u c t i o n  was accomplished i n  t h r e e  s t e p s  u s i n g  t h r e e  computer 

programs. The f i r s t  s t e p  involved conve r s ion  o f  raw d a t a  t o  e n g i n e e r i n g  

u n i t s .  T r a v e r s e  d a t a  ( t o t a l  p r e s s u r e ,  s t a t i c  p r e s s u r e ,  t o t a l  t empera tu re ,  

and a i r  a n g l e ) ,  o b t a i n e d  a t  approximate ly  0 . 0 4 - i n .  i nc remen t s  a c r o s s  

t h e  span ,  were a u t o m a t i c a l l y  p l o t t e d  ( a s  w e l l  as  t a b u l a t e d ) .  The p l o t t e d  

and t a b u l a t e d  d a t a  were reviewed t o  i d e n t i f y  and e l i m i n a t e  any  obv ious ly  

q u e s t i o n a b l e  d a t a  p r i o r  t o  t h e  subsequent  d a t a  r e d u c t i o n  s t e p .  

The second d a t a  r e d u c t i o n  s t e p  accompl ished  t h e  f o l l o w i n g :  

1. Mach number c o r r e c t i o n s  t o  t e m p e r a t u r e  d a t a  

2 .  Mass a v e r a g e  o f  wake probe d a t a  

3 .  C i r c u m f e r e n t i a l  a r i t h m e t i c  a v e r a g e  o f  f i x e d  and t r a v e r s e  

i n s t r u m e n t a t i o n  data 
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4 .  C o r r e c t i o n  o f  a l l  p r e s s u r e  and t empera tu re  d a t a  t o  NASA 
s t a n d a r d  day  ambient  c o n d i t i o n s  

5 .  S e l e c t i o n  by i n t e r p o l a t i o n  o f  t o t a l  and s t a t i c  p r e s s u r e ,  

t o t a l  t e m p e r a t u r e ,  and a i r  a n g l e  v a l u e s  a t  s p e c i f i e d  r a d i a l  

l o c a t i o n s  f o r  i n p u t  f o r  the f i n a l  d a t a  r e d u c t i o n  s t e p .  

All c o r r e c t e d  d a t a  w e r e  a v a i l a b l e  f o r  f u r t h e r  i n s p e c t i o n  i n  t h e  p r i n t e d  

r e s u l t s  from t h i s  computer program, which inc luded  i n d i v i d u a l  d a t a  v a l u e s  

a s  w e l l  a s  ave raged  q u a n t i t i e s .  The t h i r d  s t e p  i n  t h e  d a t a  r e d u c t i o n  

p rocedure  invo lved  c a l c u l a t i o n  of o v e r a l l  and b l a d e  e lement  performance 

parameters, which a re  d e f i n e d  i n  t h e  f o l l o w i n g  pa rag raphs .  

2 .  Parameter  C a l c u l a t i o n  

The f o l l o w i n g  o v e r a l l  and b l a d e  e lement  performance pa rame te r s  were 

c a l c u l a t e d  f o r  t h e  a n a l y s i s  o f  t e s t  d a t a  and t h e  e v a l u a t i o n  of s l o t t e d  

Ro to r  2 performance.  Symbols a r e  d e f i n e d  i n  Appendix A. 

a .  O v e r a l l  Performance 

(1) Weight Flow 

Weight f low i s  p r e s e n t e d  i n  terms o f  c o r r e c t e d  we igh t  f low,  d e f i n e d  

a s  

where : 

w = a c t u a l  ( o r i f i c e )  weight  f low 

8 = r a t i o  of  t o t a l  t empera tu re  (plenum) t o  NASA s t a n d a r d  

sea l e v e l  t empera tu re  

6 = r a t i o  o f  t o t a l  p r e s s u r e  (plenum) t o  NASA s t a n d a r d  

sea l e v e l  p r e s s u r e .  

Values  of  c o r r e c t e d  weight  flow p r e s e n t e d  i n  t h e  f i g u r e s  and t a b l e s  

i n c l u d e  r o t o r  and s t a t o r  b l eed  flow rates. P e r c e n t a g e  b l e e d  f low ra tes  

f o r  t h e  r e s p e c t i v e  b l a d e  rows a r e  t a b u l a t e d  s e p a r a t e l y  ( t a b l e  B - 1 ) .  
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(2) P r e s s u r e  R a t i o  

P r e s s u r e  r a t i o s  were c a l c u l a t e d  f o r  t h e  r o t o r ,  gu ide  v a n e - r o t o r ,  and 

g u i d e  v a n e - r o t o r - s t a t o r  b l a d e  row combina t ions .  Behind t h e  r o t o r ,  f i x e d  

K i e l  head and t r a v e r s e  probe t o t a l  p r e s s u r e  d a t a  were a r i t h m e t i c a l l y  

ave raged  a t  each span l o c a t i o n  and t h e  p r o f i l e  t h u s  d e f i n e d  w a s  mass-flow 

ave raged  a c r o s s  t h e  span .  

Behind t h e  guide  vane and s t a t o r ,  t h e  wake probe  p r e s s u r e s  were f i r s t  

mass-flow i n t e g r a t e d  a t  each  span  l o c a t i o n ,  and the  r e s u l t i n g  a v e r a g e  p r e s -  

s u r e s  were than  mass-flow averaged  i n  t h e  r a d i a l  d i r e c t i o n .  

( 3 )  A d i a b a t i c  E f f i c i e n c y  

A d i a b a t i c  e f f i c i e n c y  a c r o s s  t h e  r o t o r  i s  d e f i n e d  as  

where : 
-. 
P = mass ave raged  p r e s s u r e  behind t h e  gu ide  vane 1 
T, = 518.7"R 
1 - 

P = mass averaged  p r e s s u r e  behind t h e  r o t o r  2 
r -  = mass a v e r a g ~ , d  tempera ture  hehind t h e  s t a t o r .  ' 3  
- 

To o b t a i n  a d i a b a t i c  e f f i c i e n c i e s  f o r  t h e  gu ide  v a n e - r o t o r  combinat ion o r  

f o r  t h e  e n t i r e  s t a g e ,  a p p r o p r i a t e  a v e r a g e  p r e s s u r e s  w e r e  used .  

b .  Blade  Element Performance 

(1) D i f f u s i o n  F a c t o r  

D i f f u s i o n  f a c t o r  f o r  t h e  r o t o r  i s  d e f i n e d  a s  

v; AVe'(1 - 2) 
D = l - - +  

2cT v; 

D i f f u s i o n  f a c t o r  f o r  t h e  s t a t o r  i s  d e f i n e d  a s  

'2A "0 (2 - 2A) D = l  - -  + 
2 6  v2 v2 
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(2)  D e v i a t i o n  

R o t o r  b l a d e  d e v i a t i o n  i s  d e f i n e d  a s  

S t a t o r  d e v i a t i o n  i s  d e f i n e d  a s  

where K '  and K 

a n g l e s  based on e q u i v a l e n t  c i r c u l a r  a r c  camber l i n e s  f o r  t h e  6 5 - s e r i e s  

a i r f o i l .  

a r e  t h e  r o t o r  b l a d e  and s t a t o r  vane t r a i l i n g  edge metal  2 2A 

( 3 )  I n c i d e n c e  Angle 

R o t o r  i n c i d e n c e  a n g l e  i s  d e f i n e d  a s  

S t a t o r  i n c i d e n c e  a n g l e  is  d e f i n e d  a s  

I w h e r e K 1  a n d K 2  a r e  t h e  r o t o r  b l a d e  and s t a t o r  vane l e a d i n g  edge m e t a l  

a n g l e s  based on t h e  e q u i v a l e n t  c i r c u l a r  a r c  camber l i n e s  f o r  t h e  6 5 - s e r i e s  

a F r  f o il . 
( 4 )  T o t a l  P r e s s u r e  Loss C o e f f i c i e n t  

T o t a l  p r e s s u r e  l o s s  c o e f f i c i e n t  f o r  t h e  r o t o r  is d e f i n e d  a s  

where ( - )  r e f e r s  t o  mass-averaged wake t o t a l  p r e s s u r e .  

F o r  t h e  i n l e t  g u i d e  v a n e s ,  t o t a l  p r e s s u r e  l o s s  c o e f f i c i e n t  i s  d e f i n e d  

as - 
14.69 - P, 

where q 

f low and t h e  a n n u l a r  a r e a  a t  the  g u i d e  vane i n l e t .  

i s  o b t a i n e d  from i s e n t r o p i c  f low r e l a t i o n s h i p s  u s i n g  o r i f i c e  w e i g h t  
0 

I V - 5  



I 
1 
1 
I 
8 
I 
I 
8 
8 
1 

I 1 
I 
8 
I 
I 
8 
I 
I 
1 

Pratt & Whitney Qircraft 
PWA FR-2111 

T o t a l  p r e s s u r e  l o s s  c o e f f i c i e n t  f o r  t h e  s t a t o r  i s  d e f i n e d  a s  

(5) L o s s  Parameter  

R o t o r  t o t a l  p r e s s u r e  l o s s  i s  a l s o  p r e s e n t e d  i n  terms o f  t h e  l o s s  

p a r a m e t e r  , 
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SECTION V 
RESULTS AND DISCUSSION 

S l o t t e d  Rotor  2 performance was e v a l u a t e d  on t h e  b a s i s  o f  p r e s s u r e  r i se  

and e f f i c i e n c y  c h a r a c t e r i s t i c s  as f u n c t i o n s  of  r o t a t i v e  speed  and we igh t  

f low,  a s  wcl?  as  b l a d e  e lement  d i f 5 d s i o n  f a c t o r ,  d e v i a t i o n ,  and l e s s  c o e f f i c i e n t  

as f u n c t i o n s  o f  i n c i d e n c e  a n g l e .  

pared  w i t h  (1) p r e d i c t e d  u n s l o t t e d  r o t o r  performance and (2) a v a i l a b l e  NASA 

r o t a t i n g  cascade  performance resu l t s .  Guide vane e x i t  and s t a t o r  i n l e t  

a i r  a n g l e s  a r e  compared w i t h  t h e  r e s p e c t i v e  c a l c u l a t e d  d e s i g n  r a d i a l  d i s -  

t r i b u t i o n s .  O v e r a l l  and b l a d e  element  expe r imen ta l  performance parameters 

and b l e e d  f lows as w e l l  a s  b l a d e  element  v e c t o r  diagram d a t a  f o r  t h e  gu ide  

vane ,  r o t o r ,  and s t a t o r  are t a b u l a t e d  i n  Appendix B. The r e s u l t s  of  stress 

s u r v e y s  , r o t a t i n g  s t a l l  measurements , and r o t o r  wake su rveys  a re  i n c l u d e d  

under  t h e  d i s c u s s i o n  of  r o t o r  performance,  

S l o t t e d  r o t o r  performance r e s u l t s  a r e  com- 

A .  OVERALL PERFORMANCE 

O v e r a l l  performance i s  p resen ted  i n  terms o f  e f f i c i e n c y  and p r e s s u r e  

r a t i o  v e r s u s  c o r r e c t e d  main o r i f i c e  weight  f low,  w 6 / 6  , and c o r r e c t e d  

s p e c i f i c  w e i g h t  f low,  wf i /6AA,  i n  f i g u r e  V - 1 ,  V - 2 ,  and V - 3 ,  f o r  r o t o r ,  

g u i d e  v a n e - r o t o r  , and gu ide  v a n e - r o t o r - s t a t o r  combina t ions .  Each f i g u r e  

c o n t a i n s  t h e  performance r e s u l t s  ob ta ined  a t  t h e  t h r e e  tes t  r o t o r  speed 

c o n d i t i o n s .  Values  of c o r r e c t e d  a i r f l o w  o b t a i n e d  from i n t e g r a t i o n  o f  f low 

p r o f i l e s  downstream of  t h e  r o t o r  and s t a t o r  a re  compared w i t h  t h e  main 

o r i f i c e  measured v a l u e s  minus bleed f low i n  f i g u r e  V - 4 .  

t h a t  agreement  w i t h i n  0 t o  -7% was o b t a i n e d  f o r  t h e  m a j o r i t y  of d a t a  p o i n t s .  

The f i g u r e  shows 

A s  r e p o r t e d  i n  Refe rence  1,  the d e s i g n  e f f i c i e n c y  and p r e s s u r e  r a t i o  

f o r  Rotor  2 are go"/, and 1.35, r e s p e c t i v e l y ,  w i t h o u t  s l o t s  (normal d e v i a t i o n  

a n g l e s )  and 91% and 1 . 4 2 ,  r e s p e c t i v e l y ,  w i t h  s l o t s  ( reduced d e v i a t i o n  a n g l e s )  

a t  a d e s i g n  f low of 99 l b / s e c .  Because i t  was l e a r n e d  from t h e  annu la r  

c a s c a d e  t e s t  r e s u l t s  (Reference  2 )  and t h e  t e s t  r e s u l t s  o b t a i n e d  w i t h  s l o t t e d  

Rotor  1 (Reference  3 )  t h a t  t h e  s e l e c t e d  s l o t  d e s i g n  does  n o t  produce t h e  

assumed r e d u c t i o n  i n  d e v i a t i o n  a n g l e ,  t h e  t e s t  r e s u l t s  r e p o r t e d  h e r e i n  a r e  

compared w i t h  t h e  c a l c u l a t e d  des ign  performance w i t h o u t  s l o t s .  

v- 1 
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F o r  t h e  d e s i g n  e q u i v a l e n t  r o t o r  speed ,  a maximum e f f i c i e n c y  o f  88.5% 

w a s  o b t a i n e d  w i t h  a co r re spond ing  p r e s s u r e  r a t i o  o f  1 . 2 9 ,  a t  a f low r a t e  

s l i g h t l y  h i g h e r  t h a n  t h e  d e s i g n  f low rate  o f  99 l b / s e c .  

c o n d i t i o n s  t h e  e f f i c i e n c y  and p r e s s u r e  r a t i o  were 86% and 1 .30 ,  r e s p e c t i v e l y ,  
compared w i t h  t h e  p r e d i c t e d  va lues  o f  90% and 1 . 3 5 .  

A t  d e s i g n  flow 

The guide  v a n e - r o t o r  performance c h a r a c t e r i s t i c s  i n  f i g u r e  V-2  i n d i -  

c a t e  t h a t  g u i d e  vane t o t a l  p r e s s u r e  l o s s  had a n e g l i g i b l e  e f f e c t  when com- 

pared  w i t h  r o t o r  per formance  i n  f i g u r e  V - 1 .  The s t a g e  per formance  (guide  

v a n e - r o t o r - s t a t o r )  i n  f i g u r e  V-3  shows t h e  e f f e c t  of s t a t o r  l o s s  on s t a g e  

e f f i c i e n c y  and p r e s s u r e  r a t i o  when compared w i t h  t h e  gu ide  v a n e - r o t o r  

performance i n  f i g u r e  V-2 .  

d e c r e a s e d  from 88.5% t o  83.5% and t h e  p r e s s u r e  r a t i o  co r re spond ing  t o  

maximum e f f i c i e n c y  d e c r e a s e d  from 1 . 2 9  t o  1 .27 .  

The d e s i g n  r o t o r  speed maximum e f f i c i e n c y  w a s  

B.  BLADE ELEMENT PERFORMANCE 

1. I n l e t  Guide Vane 

I n l e t  gu ide  vane ex i t  a i r  ang le  d i s t r i b u t i o n s  are  p r e s e n t e d  i n  f i g -  

u r e  V-5 f o r  r e p r e s e n t a t i v e  d e s i g n  speed  l i n e  tes t  d a t a .  A i r  a n g l e  d a t a  

o b t a i n e d  w i t h  each  o f  t h e  two 20-deg wedge probes  a r e  i d e n t i f i e d  by symbol,  

and t h e  d e s i g n  a i r  a n g l e  d i s t r i b u t i o n  i s  shown f o r  comparison.  The 

a v e r a g e  measured a i r  a n g l e  i s  w i t h i n  abou t  1 . 0  d e g r e e  o f  t h e  p r e d i c t e d  

v a l u e  o v e r  t h e  e n t i r e  span .  

I n l e t  g u i d e  vane v e c t o r  diagram and b l a d e  e lement  d a t a  a re  p r e s e n t e d  

i n  t a b l e  B - 2 .  

2 .  Roto r  

a .  R o t o r  I n l e t  C o n d i t i o n s  

Ro to r  i n l e t  r e l a t i v e  Mach number and a i r  a n g l e  r a d i a l  d i s t r i b u t i o n s  

f o r  t h e  d e s i g n  speed  d a t a  p o i n t s  a r e  p r e s e n t e d  i n  f i g u r e  V-6 .  

d e s i g n  p o i n t  d i s t r i b u t i o n s  a r e  shown f o r  comparison.  

d i s t r i b u t i o n  is  w i t h i n  t h e  range  of  measured v a l u e s  from choke t o  s t a l l .  

C a l c u l a t e d  

The d e s i g n  Mach number 

A t  t h e  weight  f low cor responding  t o  maximum e f f i c i e n c y  (wd? d = 101.31 

l b / s e c ) ,  t h e  i n l e t  r e l a t i v e  a i r  a n g l e  d i s t r i b u t i o n  is w i t h i n  1 o r  2 degrees  

o f  t h e  d e s i g n  d i s t r i b u t i o n .  

o f  abou t  98 l b / s e c .  

Design i n c i d e n c e  would b e  a t t a i n e d  a t  a f low 
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b.  Loss C o e f f i c i e n t ;  D e v i a t i o n ;  D - f a c t o r  

Blade e lement  performance d a t a  o b t a i n e d  a t  r o t o r  d e s i g n  e q u i v a l e n t  

speed  a re  p r e s e n t e d  i n  terms o f  l o s s  c o e f f i c i e n t ,  d e v i a t i o n ,  and D- fac to r  

v e r s u s  i n c i d e n c e  i n  f i g u r e s  V-7 through V-11. Each f i g u r e  co r re sponds  t o  

one spanwise  l o c a t i o n .  

d e v i a t i o n ,  and D - f a c t o r  (wi thout  s l o t s )  are  shown i n  t h e  f i g u r e s  f o r  com- 

p a r i s o n  w i t h  t h e  s l o t t e d  r o t o r  d a t a .  

a r e  g e n e r a l l y  lower  than  t h e  cor responding  p r e d i c t e d  v a l u e s  i n  t h e  middle  

o f  t h e  b l a d e  (30, 50, and 70% span p o s i t i o n s ) .  The measured D - f a c t o r  i s  

s l i g h t l y  h i g h e r  t han  t h e  p r e d i c t e d  v a l u e  a t  90% span  from t h e  t i p ,  and 

e q u a l  t o  t h e  p r e d i c t e d  v a l u e  10% span  from t h e  t i p .  S l o t t e d  Ro to r  2 d e v i a -  

t i o n  v a l u e s  are  approx ima te ly  t h e  same as t h e  p r e d i c t e d  v a l u e s  a t  10,  30, 

50,  and 70% span  l o c a t i o n s  and six d e g r e e s  g r e a t e r  t han  t h e  p r e d i c t e d  

v a l u e s  a t  90% span .  

a s  t h e  p r e d i c t e d  v a l u e s  i n  t h e  middle o f  t h e  b l a d e ,  and s i g n i f i c a n t l y  

h i g h e r  t han  t h e  p r e d i c t e d  v a l u e s  a t  t h e  hub and t i p .  The co r re spond ing  

hub and t i p  e f f i c i e n c i e s  a r e  low compared t o  the midspan v a l u e ,  as s e e n  i n  

t a b l e  B-2. 

Ca lcu la t ed  d e s i g n  v a l u e s  of  l o s s  c o e f f i c i e n t ,  

The measured D - f a c t o r  l o a d i n g  l e v e l s  

Measured l o s s  c o e f f i c i e n t s  are  approx ima te ly  t h e  same 

Blade e lement  parameters  f o r  t h e  t h r e e  speed  l i n e s  a re  combined i n  f i g -  

u r e s  V-12 th rough V-16 t o  show the  g e n e r a l  c o n s i s t e n c e y  of t h e  d a t a .  Ro to r  

t i p  i n l e t  r e l a t i v e  Mach number v a r i e d  between abou t  0.37 and 0.84 o v e r  t h e  

r o t o r  speed  and f l o w  range .  An a p p a r e n t  Mach number e f f e c t  on loss  co -  

e f f i c i e n t  can b e  s e e n  a t  a l l  f i v e  span  l o c a t i o n s .  The 50 and 70% speed  

v a l u e s  are  c o n s i s t e n t l y  lower than t h e  100% speed  v a l u e s .  Fu r the rmore ,  

t h e  100% d e s i g n  r o t o r  speed  loss  c o e f f i c i e n t  d a t a  e x h i b i t  a nar rower  

i n c i d e n c e  a n g l e  r ange  t h a n  t h a t  formed by t h e  d a t a  co r re spond ing  t o  50 

o r  70% speed  d a t a .  

D e v i a t i o n  a n g l e  does  n o t  appea r  t o  be a f f e c t e d  by Mach number w i t h  

t h e  p o s s i b l e  e x c e p t i o n  o f  t h e  90% span d a t a  i n  f i g u r e  V-12. The d a t a  

i n  t h i s  f i g u r e  i n d i c a t e  a s y s t e m a t i c  t r e n d  o f  i n c r e a s i n g  d e v i a t i o n / i n c i d e n c e  

a n g l e  r a t e  w i t h  i n c r e a s i n g  r o t o r  speed  (Mach number). 

co r re spond ing  t o  d e s i g n  r o t o r  speed a re  c o n s i s t e n t l y  h i g h e r  t han  t h o s e  

co r re spond ing  t o  50 and 70"1, des ign  speed .  

The D- fac to r  v a l u e s  
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c .  Loss Parameter  

Loss  parameter  - '  cos  4;/2U , i s  p r e s e n t e d  a s  a f u n c t i o n  of D- fac to r  ' 0 1  - 2  
i n  f i g u r e s  V-17a, b ,  and c .  NASA c o r r e l a t i o n  c u r v e s  ( reproduced from 

Refe rence  3)  f o r  NASA 6 5 - s e r i e s  and c i r c u l a r  a r c  se r ies  r o t a t i n g  cascade  

minimum l o s s  ( r e f e r e n c e  inc idence )  d a t a  are shown f o r  comparison.  The 

d a t a  a re  s e p a r a t e d  i n  f i g u r e s  V - 1 7 a ,  b y  and c a c c o r d i n g  t o  70  and 50% 

s p a n ,  9 0  and 3W0 s p a n ,  and lWo span ,  r e s p e c t i v e l y .  

I n  g e n e r a l ,  t h e  minimum l o s s  d a t a  a p p e a r  t o  be c o n s i s t e n t  w i t h  t h e  

r e s p e c t i v e  NASA c o r r e l a t i o n  cu rves  f o r  minimum-loss d a t a .  The 70 and 50% 

span  d a t a  t h a t  cor respond t o  i n c i d e n c e  a n g l e s  g r e a t e r  t han  minimum l o s s  

i n c i d e n c e  i n d i c a t e  D - f a c t o r  l o a d i n g  l e v e l  v a l u e s  up  t o  0 .51 a t  l o s s  parameter 

levels  t h a t  a re  e q u i v a l e n t  t o  t h e  NASA minimum-loss c o r r e l a t i o n  cu rve .  

D - f a c t o r  v a l u e s  as h i g h  a s  0 .64  a t  l o s s  l e v e l s  below t h e  NASA cu rve  a re  

i n d i c a t e d  f o r  t h e  b l a d e  t i p  (10% span)  d a t a .  Although t h e  90 and 30% span  

d a t a  a r e  s l i g h t l y  above t h e  NASA c o r r e l a t i o n  cu rve  t h a t  i n c l u d e s  d a t a  f o r  

t h e s e  span  l o c a t i o n s ,  t hey  ex tend  t h e  l o a d i n g  l e v e l  r ange  t o  approx ima te ly  

D = 0.70 w i t h o u t  a s h a r p  rise i n  l o s s .  The r e s u l t s  o f  t h e s e  comparisons 

a r e  v e r y  s i m i l a r  t o  t h e  r e s u l t s  ob ta ined  w i t h  s l o t t e d  Rotor  1,  r e p o r t e d  

i n  Refe rence  3.  The p r e s e n t  r e s u l t s  tend  t o  s u p p o r t  t h e  i n d i c a t i o n  r e p o r t e d  

t h e r e i n  t h a t  t h e  p r e s e n t  s l o t  d e s i g n  and l o c a t i o n  may be more e f f e c t i v e  a t  

h i g h  i n c i d e n c e  a n g l e s  than  a t  d e s i g n  i n c i d e n c e .  

d .  S t r e s s  Survey R e s u l t s  

A b r i e f  stress su rvey  programwas  performed w i t h  s l o t t e d  Rotor  2 t o  

d e f i n e  t h e  bending  and t o r s i o n  stress c h a r a c t e r i s t i c s  o v e r  t h e  p lanned  

o p e r a t i n g  r ange .  T r a n s i e n t  r e c o r d i n g s  of  s t r a i n  gage d a t a  a s  shown i n  

f i g u r e  111-13 were o b t a i n e d  a t  each r o t o r  speed  c o n d i t i o n  a s  t h e  t h r o t t l e  

vanes  were a c t u a t e d  t o  r educe  flow ra te ,  and a l o n g  t h e  choke and a n  a p p r o x i -  

mate o p e r a t i n g  l i n e  as  shown i n  f i g u r e  V - 1 8 .  

Bending stress l e v e l s  were l e s s  than  5000 p s i  a l o n g  t h e  choke and 

assumed o p e r a t i n g  l i n e s  a s  w e l l  a s  t h e  major  p o r t i o n s  of  t h e  c o n s t a n t  speed  

l i n e s .  S t a l l  stresses ranged from 13 ,100  p s i  a t  50% d e s i g n  speed  t o  

45 ,000  p s i  a t  100% d e s i g n  speed .  
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F i r s t  bending and t o r s i o n  v i b r a t i o n  f r e q u e n c i e s  a t  d e s i g n  r o t o r  speed 

were 465 t o  490 c p s  and 1160 t o  1250 c p s ,  r e s p e c t i v e l y ,  which a re  i n  good 

agreement  w i t h  t h e  c a l c u l a t e d  va lues  g iven  i n  Refe rence  1. 

e. R o t a t i n g  S t a l l  R e s u l t s  

R o t a t i n g  s t a i l  measurements were o b t a i n e d  w i t h  t h r e e  K i s t i e r  p r e s s u r e  

t r a n s d u c e r s  d u r i n g  t h e  stress survey  program as  t h e  s t a l l  r e g i o n  w a s  

approached  a l o n g  each  speed  l i n e ,  A t y p i c a l  r e c o r d i n g  o f  r o t a t i n g  s t a l l  

i s  p r e s e n t e d  i n  f i g u r e  V-19. R o t a t i n g  s ta l l  a t  each  speed c o n d i t i o n  w a s  

c h a r a c t e r i z e d  by a s i n g l e  s t a l l  zone t h a t  covered h a l f  t h e  a n n u l u s  and 

r o t a t e d  a t  approx ima te ly  20% o f  t h e  r o t o r  speed .  The s t a l l  c h a r a c t e r i s t i c  

f o r  t h i s  r o t o r  w a s  a b r u p t  a t  d e s i g n  r o t o r  speed and r e l a t i v e l y  a b r u p t  a t  

70% of  d e s i g n  speed .  S t e a d y - s t a t e  d a t a  i n  t h e  s t a l l  r e g i o n  w e r e  n o t  

o b t a i n e d  a t  70  and 100% o f  des ign  speed  due t o  p r o h i b i t i v e  b l a d e  stresses.  

S t a l l  w a s  r e l a t i v e l y  g r a d u a l  a t  50"/, d e s i g n  s p e e d ,  and two s t e a d y - s t a t e  d a t a  

p o i n t s  were r e c o r d e d ,  as shown on t h e  o v e r a l l  performance map i n  f i g u r e  V-3. 

f .  Ro to r  Wake Survey R e s u l t s  

Ro to r  wake su rveys  w e r e  ob ta ined  a t  t h r e e  f low c o n d i t i o n s  a l o n g  each  

speed l i n e :  choke ,  approx ima te ly  maximum e f f i c i e n c y ,  and n e a r  s t a l l .  A 

h o t - f i l m  anemometer probe  ( f i g u r e  111-12) w a s  t r a v e r s e d  behind  t h e  r o t o r  

from t h e  i n n e r  t o  t h e  o u t e r  w a l l  t o  o b t a i n  b l a d e  wake d e f i n i t i o n  a t  several 

s p a n  l o c a t i o n s .  A sample of  t h e  anemometer o u t p u t  on e i t h e r  s i d e  of  each  

d e s i r e d  r a d i a l  l o c a t i o n  w a s  d i s p l a y e d  on a n  o s c i l l o s c o p e  so t h a t  from 

10 t o  15 c o n s e c u t i v e  wake traces f o r  a n  i s o l a t e d  b l a d e  were superimposed.  

The o s c i l l o s c o p e  d i s p l a y  t h u s  e s t a b l i s h e d  i s  p r e s e n t e d  i n  f i g u r e s  V-20 

through V-22. 

t h e  h o r i z o n t a l  d i r e c t i o n  and 60 f t / s e c  i n  t h e  v e r t i c a l  d i r e c t i o n .  

Major  scale d i v i s i o n  o f  t h e s e  f i g u r e s  r e p r e s e n t  112 i n .  i n  

The l a r g e  b l a d e  wakes i n  t h e  r o o t  r e g i o n  (90% span)  a t  a l l  r o t o r  speed  

c o n d i t i o n s  r e f l e c t  t h e  re la t ive ly  h i g h  l o s s  c o e f f i c i e n t s  f o r  t h i s  span  

l o c a t i o n .  

d e t e r i o r a t i o n  on t h e  s u c t i o n  s u r f a c e  s i d e  o f  t h e  wake ( l e f t  s i d e  of  t h e  

wakes i n  t h e  f i g u r e s )  as s t a l l  c o n d i t i o n s  a r e  approached .  

The wake shapes  a t  the o t h e r  span  l o c a t i o n s  i n d i c a t e  t h e  v e l o c i t y  
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3 .  S t a t o r  

S t a t o r  i n l e t  Mach number and a i r  a n g l e  d i s t r i b u t i o n  f o r  d e s i g n  r o t o r  

speed d a t a  a re  p r e s e n t e d  i n  f i g u r e  V-23. 

two paramete r s  are  shown f o r  comparison. 

i s  c l o s e s t  t o  t h e  measured d i s t r i b u t i o n  a t  s t a l l  f low c o n d i t i o n s .  The i n l e t  

a i r  a n g l e  comparison shows t h a t  the s t a t o r  w a s  n o t  v e r y  w e l l  matched t o  t h e  

r o t o r .  The midspan r e g i o n  ope ra t ed  w i t h  2 t o  14 deg less than  d e s i g n  

i n c i d e n c e  o v e r  t h e  f l o w  range .  

was o p e r a t i n g  1 deg above d e s i g n  i n c i d e n c e  a t  t h e  t i p  (10% span) ,  4 deg  

less  than  d e s i g n  i n c i d e n c e  a t  midspan, and a b o u t  2 deg  above d e s i g n  i n c i d e n c e  

a t  t h e  r o o t  (90% s p a n ) .  T h i s  i nc idence  d i s t r i b u t i o n  i s  n o t  cons ide red  t o  

have a d v e r s e l y  a f f e c t e d  t h e  r o t o r  e v a l u a t i o n  n e a r  d e s i g n  f low o p e r a t i n g  

c o n d i t i o n s ,  Vec to r  d iagrams and b l a d e  e lement  d a t a  as  o b t a i n e d  w i t h  

u n s l o t t e d  S t a t o r  1 behind s l o t t e d  Ro to r  2 are  i n c l u d e d  i n  t a b l e  B-2 f o r  

g e n e r a l  i n f o r m a t i o n .  An a n a l y s i s  o f  u n s l o t t e d  S t a t o r  1 d a t a  w i l l  be  p re -  

s e n t e d  i n  a subsequen t  r e p o r t  under t h i s  program as  a p p r o p r i a t e  f o r  com- 

p a r i s o n  w i t h  s l o t t e d  s t a t o r  test r e s u l t s .  

C a l c u l a t e d  d e s i g n  v a l u e s  of  t h e s e  

The d e s i g n  Mach number d i s t r i b u t i o n  

A t  n e a r  d e s i g n  f low c o n d i t i o n s  t h e  s t a t o r  

V- 6 
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SECTION V I  
CONCLUDING DISCUSSION 

Blade  e lement  d a t a  a t  f i v e  r a d i a l  l o c a t i o n s  and o v e r a l l  performance 

d a t a  were o b t a i n e d  f o r  a s l o t t e d  r o t o r  c o n f i g u r a t i o n  a t  s e v e r a l  f low condi -  

t i o n s ,  i n c l u d i n g  choke and n e a r - s t a l l ,  a l o n g  t h r e e  r o t o r  speed l i n e s ,  50,  

70,  and 100% o f  t h e  d e s i g n  speed.  

and e f f i c i e n c y  were lower than  t h e  d e s i g n  v a l u e s  p r e d i c t e d  f o r  t h e  same 

r o t o r  w i t h o u t  s l o t s .  

e q u i v a l e n t  speed w a s  88.5% compared w i t h  a c a l c u l a t e d  d e s i g n  e f f i c i e n c y  

o f  0 .90 ,  and t h e  co r re spond ing  measured p r e s s u r e  r a t i o  w a s  1 . 2 9  compared 

w i t h  a d e s i g n  v a l u e  of 1 .35 .  A t  d e s i g n  f low c o n d i t i o n s ,  t h e  measured 

e f f i c i e n c y  was 86%, and t h e  p r e s s u r e  r a t i o  w a s  1 .30 .  These r e s u l t s  

r e f l e c t  t h e  r e l a t i v e l y  h igh  d e v i a t i o n  a n g l e  and l o s s  c o e f f i c i e n t  i n  t h e  

b l a d e  r o o t  r e g i o n  and t h e  h igh  l o s s  c o e f f i c i e n t  i n  t h e  t i p  r e g i o n .  An 

a p p a r e n t  f low s h i f t  toward t h e  midspan r e g i o n  ( p a r t i c u l a r l y  from t h e  

r o o t  r e g i o n )  i s  sugges t ed  by t h e  r e l a t i v e l y  low v a l u e s  of e f f i c i e n c y  a t  

t h e  1 0  and 9077 span  p o s i t i o n s  i n  t a b l e  B - 2 .  S t a t o r  l o s s e s  r e s u l t e d  i n  

a s t a g e  maximum e f f i c i e n c y  of 83.5% and a s t a g e  p r e s s u r e  r a t i o  o f  1 .27.  

Measured s l o t t e d  r o t o r  p r e s s u r e  r a t i o  

Maximum e f f i c i e n c y  f o r  t h e  s l o t t e d  r o t o r  a t  d e s i g n  

The l o a d i n g  l e v e l s  a c h i e v e d ,  a s  i n d i c a t e d  by D- fac to r ,  were a p p r o x i -  

m a t e l y  e q u a l  t o  t h e  p r e d i c t e d  v a l u e s  based on normal  d e v i a t i o n  a n g l e s  i n  

t h e  r o o t  and t i p  r e g i o n s ,  and s l i g h t l y  lower than  s i m i l a r l y  p r e d i c t e d  

v a l u e s  a t  t h e  3 0 ,  50,  and 70% span l o c a t i o n s .  Measured d e v i a t i o n  a n g l e s  

f o r  t h e  s l o t t e d  r o t o r  were w i t h i n  1 deg of t h e  p r e d i c t e d  v a l u e s  a t  a l l  

s p a n  l o c a t i o n s  excep t  a t  9077 span from t h e  t i p .  A t  9VL span  t h e  measured 

d e v i a t i o n  a n g l e  was about  6 deg  more t h a n  t h e  p r e d i c t e d  v a l u e .  Measured 

loss  c o e f f i c i e n t s  f o r  t h e  s l o t t e d  r o t o r  were comparable  t o  t h e  p r e d i c t e d  

v a l u e s  i n  t h e  midd le  o f  t h e  b l a d e ,  and c o n s i d e r a b l y  h i g h e r  t han  p r e d i c t e d  

v a l u e s  a t  t h e  r o o t  and t h e  t i p .  

It  is  d i f f i c u l t  t o  assess the a b s o l u t e  e f f e c t i v e n e s s  of  s l o t s  on t h e  

b a s i s  o f  comparison of measured performance w i t h  t h e  c a l c u l a t e d  performance 

d e r i v e d  from c o v e n t i o n a l  l o s s  and d e v i a t i o n  c o r r e l a t i o n s .  On t h e  b a s i s  of 

t h e s e  compar isons ,  a t  d e s i g n  inc idence ,  i t  might  be  concluded t h a t  t h e  

s l o t  had l i t t l e ,  i f  any ,  f avorab le  e f f e c t  on r o t o r  performance.  On t h e  

b a s i s  o f  t h e  comparison o f  measured D- fac to r  and loss  parameter  w i t h  NASA 
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d e s i g n  c u r v e s  from Refe rence  3 ,  i t  is  concluded  t h a t  t h e  s l o t s  produced 

a f a v o r a b l e  e f f e c t  on b l a d e  p r o f i l e  loss  a t  i n c i d e n c e  a n g l e s  above t h e  

minimum l o s s  i n c i d e n c e ,  p a r t i c u l a r l y  i n  t h e  t i p  r e g i o n .  The f a c t  t h a t  

s l o t t e d  Rotor  2 d i d  n o t  a c h i e v e  the  d e s i g n  p r e s s u r e  r a t i o  c a l c u l a t e d  f o r  

the r o t o r  w i t h o u t  s l o t s  is a t t r i b u t e d  t o  t h e  flow d e t e r i o r a t i o n  i n  t h e  

b l a d e  r o o t  r e g i o n ,  a l t h o u g h  t h e  s p e c i f i c  cause  of t h i s  d e t e r i o r a t i o n  has  

n o t  y e t  been de te rmined .  

F u r t h e r  a n a l y s i s  of  t h e  r e s u l t s  i s  i n  p r o g r e s s  t o  f u l l y  e v a l u a t e  t h e  

p o s s i b l e  i n t e r a c t i o n  e f f e c t s  between t h e  s l o t t e d  r o t o r  and t h e  u n s l o t t e d  

s t a t o r .  The r e s u l t s  o f  t h i s  a n a l y s i s  as they  a re  p e r t i n e n t  t o  t h e  o v e r a l l  

program o b j e c t i v e s  w i l l  be  publ i shed  i n  t h e  f i n a l  r e p o r t  under  t h i s  program. 
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SECTION VI1 
ILLUSTRATIONS 

T h i s  s e c t i o n  c o n t a i n s  t h e  i l l u s t r a t i o n s  t h a t  have been r e f e r e n c e d  i n  

t h e  p r e c e d i n g  s e c t i o n s .  
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TOP 
I 

/ \ I 

\ I \ /  

0 Wall Static Pressure 
A Traverse Wedge Probe, 20" 
A Traverse Wedge Probe, 8" 
0 Traverse Wake Probe 

Probe angular position is measured clockwise from the top. 

F i g u r e  1 1 1 - 7 .  I n s t r u m e n t a t i o n ,  S t a t i o n  1 FD 18596B 
( V i e w  Looking Downstream) 
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0 Keil Probe * 
0 Wall Static Pressure 
A Traverse Wedge Probe, 20" 
A Traverse Wedge Probe, 8" 
0 Traverse Hot Film Probe 
0 Kiel Temperature Probe 
0 Kistler Probe * 

Probe angular position is measured clockwise from the  top. 
*Radial location as a percent of span from tip is denoted by the 

number within the symbol 

F i g u r e  111-8. I n s t r u m e n t a t i o n ,  S t a t i o n  2 FD 18595C 
(View Looking Downstream) 
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0 Wall Static Pressure 
A Traverse Wedge Probe, 20" 
A Traverse Wedge Probe, 8" 
0 Traverse Wake Probe 

Probe angular position is measured clockwise from the top. 

Figure 111-9. Instrumentation, Station 2A 
(View Looking Downstream) 
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TOP 

0 Wall Static 
DTraverse Wedge Probe, 20" 
ATraverse Wedge Probe, 8" 
0 Kiel Probe * 
0 Temperature * 

Probe angular position is measured clockwise from the  top, 
*Radial location as a percent of span from tip is denoted by the 

number within the symbol 

Figure 111-10. Instrumentation, Station 3 
(View Looking Downstream) 
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Side View Front View 

F i g u r e  111-12.  Anemometer Probe 
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C ir cu m fer ent ial 

Grid Adjacent to 
Trailing Edge, 
Concave Side 

Convex Side 

Grid Center Aligned W 

Grid Adjacent to S1 

Corner of Slot 

Blade 

Front 

Grid Adjacent 
to Corner of Slot, 
Concave Side 

Leading Edge 

F i g u r e  111-13. S t r a i n  Gage L o c a t i o n s  
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. . , . . ..__ * , ... 

+ j  t - 7  

F i g u r e  V-1. O v e r a l l  Per formance;  S l o t t e d  Rotor 2 Only DF 52283 
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APPENDIX A 
DEFINITION OF SYMBOLS 

2 Flow p a t h  a n n u l a r  a rea ,  i n .  

Chord l e n g t h ,  i n .  

D i f f u s i o n  f a c t o r  

I n c i d e n c e  a n g l e ,  deg  

Abso lu te  Mach number 

Minimum b l a d e  p a s s a g e  gap ,  i n .  

Cr i t ica l  b l a d e  p a s s a g e  gap ,  i n .  

T o t a l  p r e s s u r e ,  p s i a  

S t a t i c  p r e s s u r e ,  p s i a  

P r e s s u r e  e q u i v a l e n t  o f  t h e  v e l o c i t y  h e a d y  p s i a  

Reynolds  number based  on chord l e n g t h  

B l a d e  s p a c i n g ,  i n .  

B l a d e  s p a n ,  i n .  

Blade maximum t h i c k n e s s ,  i n .  

Rotor  s p e e d ,  f t / s e c  

Abso lu te  v e l o c i t y ,  f t / sec  

A c t u a l  f l o w  r a t e ,  l b m / s e c  

Abso lu te  a i r  a n g l e ,  deg  

R a t i o  of s p e c i f i c  h e a t s  

Blade-chord a n g l e ,  d e g  

Ra t io  o f  t o t a l  p r e s s u r e  t o  NASA s t a n d a r d  
sea  l eve l  p r e s s u r e  o f  2116 p s f  

D e v i a t i o n  a n g l e  deg  

A d i a b a t i c  e f f i c i e n c y  

R a t i o  o f  t o t a l  t e m p e r a t u r e  t o  NASA 
s t a n d a r d  sea l eve l  t e m p e r a t u r e  o f  518.7'R 
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Blade metal a n g l e ,  deg  

D e n s i t y ,  l b  I f t  

S o l i d i t y ,  c /S  

3 
m 

Blade camber a n g l e ,  K~ - K ~ ,  deg  

T o t a l  p r e s s u r e  l o s s  c o e f f i c i e n t  

Guide vane  i n l e t  

Ro to r  i n l e t  

Rotor  ex i t  

S t a t o r  e x i t  

Ax ia l  component 

T a n g e n t i a l  component 

R e l a t e d  t o  r o t o r  b l a d e  

Mass a v e r a g e  v a l u e  

2 S l o t  t h r o a t  area,  i n .  

Coanda r a d i u s ,  i n .  

P r e s s u r e  s u r f a c e  edge r a d i u s ,  i n .  

S l o t  l e a d i n g  edge  r a d i u s ,  i n .  

S l o t  t r a i l i n g  edge  r a d i u s ,  i n .  

B l a d e  t h i c k n e s s  a t  i n t e r s e c t i o n  o f  
s l o t  c e n t e r l i n e  and mean camber l i n e ,  i n .  

S l o t  c a p t u r e  d imens ion ,  i n .  

S l o t  t h r o a t  d imens ion ,  i n ,  

Angle formed by s l o t  c e n t e r l i n e  and mean 
camber l i n e ,  deg  

A- 2 
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C .  BLADE ELEMENT TABULATION NOMENCLATURE FOR TABLE B-2 

PCT SPAN Percen t  span 

D I A  Diameter , i n c h e s  

BETA Abso lu te  a i r  a n g l e  , d e g r e e s  

BETA (PR) R e l a t i v e  a i r  a n g l e  , d e g r e e s  

V Abso lu te  v e l o c i t y ,  f t l s e c  

vz Axia l  component of  v e l o c i t y ,  f t l s e c  

V-THETA T a n g e n t i a l  components of a b s o l u t e  
v e l o c i t y ,  f t l s e c  

v (PR) R e l a t i v e  v e l o c i t y ,  f t / s e c  

V-THETA PR T a n g e n t i a l  component o f  re la t ive  
v e l o c i t y ,  f t / s e c  

U Wheel s p e e d ,  f t l s e c  

M Abso lu te  Mach number 

M (PR) R e l a t i v e  Mach number 

TURN A i r  t u r n i n g  , d e g r e e s  

TURN (PR) 

UUBAR Loss  c o e f f i c i e n t  

DFAC D i f f u s i o n  f a c t o r  

EFF P P o l y t r o p i c  e f f i c i e n c y  

EFF A d i a b a t i c  e f f i c i e n c y  

INCID I n c i d e n c e  , d e g r e e s  

DEV D e v i a t i o n ,  d e g r e e s  

LOSS PARA Loss pa rame te r  

R e l a t i v e  a i r  t u r n i n g ,  d e g r e e s  
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APPENDIX B 
TABULATED PERFORMANCE 

The o v e r a l l  performance and  p e r c e n t  r o t o r  and s t a t o r  b l e e d  f l o w  ra tes  

f o r  e a c h  t es t  p o i n t  are p r e s e n t e d  i n  t a b l e  B - 1 .  

T a b l e  B-2 p r e s e n t s  b l a d e  element  d a t a  f o r  each  t e s t  p o i n t .  D e f i n i t i o n  

o f  t h e  b l a d e  e l e m e n t  p a r a m e t e r s  a s  t a b u l a t e d  i n  t h e  computer p r i n t o u t s  i s  

p r e s e n t e d  i n  Appendix A .  
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